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Ion pump activity assay After inducing the expression of rhodopsin, E. coli cells (C41(DE3) strain) expressing KR2 or its mutants were collected by centrifugation (4,800 × g, 3 min), washed three times and resuspended in a solvent containing 100 mM NaCl or KCl. The cell suspension was placed in a glass cell in the dark and then illuminated using outputs of a 1-kW tungsten-halogen projector lamp (Master HILUX-HR, Rikagaku, Japan) through a glass filter (Y-52, AGC Techno Glass, Japan)
for 150 s at wavelengths >500 nm. The change in pH during illumination was monitored with a pH meter (F-55, Horiba, Japan). Measurements were repeated under the same conditions after the addition of 10-80 M CCCP.
Protein purification and reconstitution KR2, having six histidines at the C-terminus, was expressed in E. coli C41(DE3) strain. The protein was purified by Co-affinity column (TALON, Qiagen, the Netherlands) chromatography in a manner previously described [11] and solubilized in 0.1% n-dodecyl--D-maltoside (DDM). Then, the detergent was removed by Bio-Beads (Bio-Rad, Hercules, CA) and reconstituted in 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC).
Flash photolysis measurement Before flash photolysis measurements, the solvent of the protein was exchanged with 100 mM NaCl and 50 mM Tris-HCl (pH 8.0) by centrifugation three times (20,000 × g, 10 min). The transient absorption spectra of rhodopsins were monitored by flash photolysis measurements using a multichannel detector (Hamamatsu Photonics, Japan).
[4]
The sample solution was placed in a quartz cuvette that was illuminated with a beam of second harmonics of a nanosecond pulsed Nd 3+ -YAG laser ( = 532 nm, INDI40, Spectra-Physics, Santa Clara, CA). The power of the laser was 300 J per pulse, and repetition rate was set to a sufficiently slower rate than that of the rhodopsin photocycle to avoid photoexcitation of transient intermediates.
The intensity of the transmitted probe light from a Xe arc lamp (L8004, Hamamatsu Photonics, Japan) was measured before and after laser excitation, and transient absorption spectra were obtained by calculating the ratio between them at different time points. Finally, 30-50 identical spectra were averaged.
Comparison of L/M and O-decay time constants
In this study, we compared the time constants of the L/M-decay and O-decay of WT KR2 and its mutants (Table 1) . Two time constants ( 1 ,  2 ) were obtained, if some of them were expressed by a bi-exponential function (indicated by † in Table 1 ). We 3 regarded the weighted average () of these two time constants with their amplitudes as the indicator of the decay rate. [12] In this case,  can be expressed follows:
where A i (i = 1, 2) is the pre-exponential factor of i-th exponential component. 
